INTRODUCTION
A variety of fluorescent probes attached to actin have proven valuable in studies of the association of actin promoters (Detmers et al., 1981; Cooper et al., 1983; Zimmerle and Frieden, 1986) , and in studies of the interaction of actin with actin-binding proteins (Miki et al., 1982; Doi and Frieden, 1984; Lee et al., 1988) . The attachment of reporter groups to a protein bears the inherent risk of interfering with the functional properties of the target molecule. The polymerization reaction of actin, i.e. the formation of F-actin filaments from globular G-actin, however, appears to tolerate a number of fluorophores, for instance 7-chloro-4-nitrobenzeno-2-oxa-1,3-diazole (NBD) (Detmers et al., 1981) , 5-{2-[(acetyl)amino]ethyl}aminonaphthalene-l-sulphonic acid (1,5-AEDANS) (Tawada et al., 1978; Tao and Cho, 1979) , dansylaziridine (Lin, 1978; Porter and Weber, 1979) and pyrene (Kouyama and Mihashi, 1981) , especially if these probes are linked to the polypeptide at Cys-374, the penultimate residue of the amino acid sequence of actin. In previous work (Marriott et al., 1988) we have introduced PRODAN [6-propionyl-2-(NNdimethyl)aminonaphthalene] as a new fluorescent label for actin and have demonstrated the suitability of the PRODAN-actin conjugate for the investigation of actin-actin interactions. Upon polymerization of G-actin to F-actin, the absorption of the actin-PRODAN conjugate is red-shifted, and the fluorescence emission is blue-shifted by 770 wavenumbers. This shift is accompanied by a decrease in the fluorescence bandwidth of 470 wavenumbers. In addition to the shift, the intensity of the PRODAN-actin fluorescence is increased by approx. 400%. A blue shift of the fluorescence emission was also reported for dansylaziridine-actin upon the G-actin to F-actin transition (Porter and Weber, 1979) . However, 70% of the label was attached to residues other than Cys-374, so that different of the integrated intensity of the emission and a red shift of the emission energy, suggestive of a disintegration of the actin filament structure. Profilin caused a < 10 % change in the emission energy. Cytochalasin D reduced the integrated intensity of PRODAN-F-actin and red-shifted the emission energy, while cytochalasin B was without influence. Pancreatic DNAase I did not change the fluorescence emission of PRODAN-G-actin, suggesting that binding of this enzyme does not alter the environment of the probe. When the 19 kDa protein bound to PRODAN-G-actin, however, the integrated intensity was reduced and the emission energy was lowered. This effect was exploited to estimate the binding constant for the interaction between the 19 kDa protein and PRODAN-G-actin. The Kd was found to be about 0.25 ,uM. molecules attached to multiple sites along the actin polypeptide might have contributed to the shift. Other commonly used fluorescent dyes do not shift the emission energy. They usually exhibit only a change in the fluorescence intensity. For instance, the increase in the intensity is of comparable magnitude in the case of NBD and 1,5-AEDANS, and it is an order of magnitude larger than that of PRODAN-actin in the case of pyrene. Fluorescent probes such as PRODAN that exhibit both an increase in the fluorescence intensity and a spectral shift may be advantageous for protein systems where multiple transitions occur, because both parameters can be exploited for the analysis of the equilibria. The change in the fluorescence characteristics of the PRODAN-actin conjugate upon polymerization allows easy quantification of the monomeric-to-polymeric actin ratio. It presumably reflects the change in the environment of the dye ligand. In F-actin the ligand becomes more buried inside the protein structure than in G-actin and hence less accessible to the aqueous environment, as shown by quenching studies with iodide ions (Marriott et al., 1988) . Given the ease of monitoring the signal, it appeared interesting to use PRODAN-actin to probe for alterations to the environment that may occur when actin combines with actin-binding proteins and drugs. In this paper I describe the effects that a number of actin-binding proteins and drugs have on the fluorescence emission of the PRODAN-actin conjugate.
EXPERIMENTAL Proteins
Muscle actin was prepared from rabbit leg and back muscle as described by Spudich and Watt (1971) , including a gel-filtration step (MacLean-Fletcher et al., 1980) . It was labelled in the filamentous form (F-actin) with acrylodan (6-acryloyl-2-Abbreviations used: G-actin, globular actin; F-actin, filamentous actin; HMM, heavy meromyosin; PRODAN, 6-propionyl-2-(NN-dimethyl)aminonaphthalene; 1,5-AEDANS, 5-{2-[(acetyl)amino]ethyl}aminonaphthalene-1 -sulphonic acid; NEM, N-ethylmaleimide; NBD, 7-chloro-4-nitrobenzo-2-oxa-1 ,3-diazole. 411 dimethylaminonaphthalene) as detailed by Marriott et al. (1988) to a dye/protein ratio of 0.8-0.9. Myosin has been prepared following a procedure outlined by Pollard (1982) . Heavy meromyosin (HMM) was obtained from myosin by mild treatment with trypsin (Lowey and Cohen, 1962 (Carlsson et al., 1977) and tropomyosin was from rabbit muscle (Cummings and Perry, 1973) .
The 19 kDa protein has been purified from pig brain. A procedure designed for the partial enrichment of 19 kDa protein from small amounts of HeLa cells (Zechel, 1983) (Bamburg et al., 1980; Giuliano et al., 1988) , from bovine brain named BIP (Berl et al., 1983) , and from porcine brain named cofilin have been described. Recent partial amino acid sequencing data obtained from proteolytic fragments of 19 kDa protein that were compared with the amino acid sequence deduced from the sequence of a cDNA clone of cofilin (Matsuzaki et al., 1988) 
Methods
Fluorescence emission spectra were recorded at 1 nm intervals with an SLM 8000 spectrofluorimeter operated in the ratio mode using photon counting as described by Marriott et al. (1988) . The excitation wavelength was set at 380 nm. All measurements were taken at 22°C and the samples were illuminated only during measurements in order to minimize intensity losses due to photobleaching. The halfwidths of the spectra were calculated after smoothing of the recorded raw curves using Chebyshev's polynomial approximation (n = 20) (cf. Hamming, 1973) . Instead of the maximum of the emission, the centre of spectral intensity distribution (called centre of spectral mass) was calculated using the equation:
where v is the average energy of the emission spectrum in cm-' and I, is the fluorescence intensity at wavenumber vi. The centre of spectral mass is generally considered to be more accurate than the emission maximum in determining spectral shifts of the fluorescence emission (Lakowicz, 1983) .
SDS/PAGE used the Tris/glycine buffer system (Laemmli, 1970 ) with a 120 mm x 80 mm x 0.75 mm slab gel. The fluorescent bands were photographed under illumination with u.v. light at 366 nm using a cut-off filter at 400 nm in front of the camera lens. After documentation of the fluorescence, the protein bands were stained with Coomassie Brilliant Blue R250. High-shear viscosity was measured in an Ostwald-type viscometer as described previously (Zechel, 1981) .
RESULTS AND DISCUSSION PRODAN is attached to Cys-374 of the actin polypeptide
In view of the sensitivity of PRODAN fluorescence to the chemical environment, it appeared necessary to know the attachment site of the fluorophore. Previously we suspected from the established thiol reactivity of acrylodan (Prendergast et al., 1983) , from the coupling stoichiometry and from the spectroscopic properties of the conjugate that a single PRODAN moiety was attached to actin, presumably via Cys-374 (Marriott et al., 1988) . Figure 1 shows evidence that this supposition is correct. When F-actin was labelled with acrylodan at pH 7.5 a typical labelling ratio of 0.8-0.9 mol of PRODAN/mol of actin monomer was obtained. The most reactive SH-group in native actin is that of Cys-374, which is known to combine preferentially with many SH-reactive reagents including NEM (Lusty and Fasold, 1969; Elzinga and Collins, 1975 Cys-374 (Lin, 1978) . A similar effect might have been expected when myosin is bound. However, myosin could only be tested in the presence of 0.5 M NaCl, because it precipitates under the low-salt conditions used for testing the other proteins. The presence of salt may make a difference. There are subtle differences in the F-actin structure depending on the ionic strength and the ratio of univalent to bivalent ions (Kasai et al., 1962) , so that the association with myosin may not alter this structure in a manner comparable to the change caused by HMM under low-salt conditions.
The blue shift in the emission energy upon binding of aldolase might also signal an increased shielding. The binding site of aldolase on the actin polypeptide has been mapped in the vicinity of Met-299 by competition with region-specific antibodies (Mejean et al., 1989) . According to the 3-dimensional model of actin (Kabsch et al., 1990) this region is in sub-domain 3, i.e. fairly distant from the C-terminus which is in sub-domain 1. Therefore the binding of the enzyme affects the environment of PRODAN indirectly.
If the interaction between F-actin and actin-binding proteins and drugs is accompanied by the liberation of monomeric actin, a decrease in the emitted fluorescence intensity and a red shift of the emission energy would be expected. DNAase I was chosen to prove this prediction, since depolymerization by DNAase I of unlabelled F-actin (Hitchcock, 1980; Mannherz et al., 1980) and of pyrene-actin (Pinder and Gratzer, 1982) is well documented. The PRODAN-F-actin conjugate appeared equally amenable to depolymerization by DNAase I as was unmodified actin. Figure   2 shows that the time course of the red shift of the emission energy, which is indicative of the liberation of monomeric actin, exactly paralleled the decrease in viscosity seen when DNAase I reacted with unlabelled F-actin. In this particular case it seems of no concern that these monomers are presumably associated with DNAase I in a binary complex. The fluorescence characteristics of monomeric PRODAN-G-actin were unaltered by complex formation with DNAase I (Table 1) . That the enzyme formed a complex with the modified G-actin was proved by the fact that DNAase I effectively inhibited polymerization of PRODAN-Gactin (results not shown).
Profilin from spleen has been reported to form a tight complex with G-actin. It does inhibit the polymerization rate and the extent of filament formation, but it does not disassemble F-actin (Carlsson et al., 1977) . The spleen profilin used in this study showed exactly the published characteristics (Malm et al., 1983; Nishida, 1985) when it was tested with unlabelled actin ( Figure   PRODAN -actin (4.0,M) was allowed to polymerize in G-buffer + 2 mM MgCI2 in a final volume of 400 ,ul. Aliquots of 1 ul of appropriately diluted 19 kDa protein were added, and the contents of the cuvette were mixed after each addition. The values shown are corrected for buffer fluorescence and for the dilution caused by the addition of the 19 kDa protein solution (maximally 3%). 3b). However, in the viscometry assay it did not inhibit the polymerization rate of PRODAN-labelled G-actin (Figure 3a) , nor did it decrease the steady-state viscosity when it was added to PRODAN-F-actin (results not shown). Spleen profilin is apparently sensitive to modification of Cys-374 by fluorescent probes. The steady-state fluorescence data (Table 1) suggest an interaction between both proteins, but the viscometry assay ( Figure 3) shows clearly that the PRODAN group appears to impair the interaction of spleen profilin with the mod-ified actin to such an extent as to suspend the inhibitory effect of profilin on polymerization. In this respect PRODAN-labelled actin is comparable with actins modified by either NEM or a pyrenyl group at Cys-374. These conjugates have been found to polymerize almost normally in the presence of spleen profilin (Malm, 1984) , indicating that the modification of Cys-374 interferes with the interaction of spleen profilin with actin. It would be interesting to see if profilin from Acanthamoeba castellanii would interact with PRODAN-actin. This profilin binds to actin labelled at Cys-374 with pyrene or rhodamine, and in doing so enhances the fluorescence of the probe (Lee et al., 1988) .
The interaction of PRODAN-F-actin and 19 kDa protein Addition of 19 kDa protein to PRODAN-F-actin resulted in a rapid decrease in the integrated intensity and a decrease in the average emission energy. At an excess of 19 kDa protein over actin at steady state both the integrated intensity and the average emission energy were lower than the corresponding values for PRODAN-G-actin, and the halfwidth of the resulting spectrum exceeded that of G-actin (Table 1 ). The extent of the fluorescence change at steady state appeared to be linearly dependent on the 19 kDa protein concentration. It reached a plateau value at a molar ratio of 19 kDa protein/actin protomers of 1.17, which suggests a 1:1 stoichiometric interaction (Figure 4) . These fluorescence data appear to indicate extensive disassembly of the filament structure. However, when viscometry was used to monitor such a titration, substantial residual viscosity remained even in the presence of excess 19 kDa protein, regardless of whether PRODAN-labelled or unlabelled actin was used. The steady-state value of the viscosity was the same when 19 kDa protein was added to F-actin or to G-actin prior to polymerization ( Figure 5 ). cations ( Figure 6 ; see also Nishida et al., 1984) . 19-kDaprotein-actin complexes can presumably serve effectively as nuclei for the initiation of the rapid growth of filaments, since the observed fluorescence change is four times faster in the presence of small amounts of 19-kDa-protein-actin complexes than in their absence. However, since this acceleration of polymerization by 19-kDa-protein-actin complex has also been observed with unmodified actin using viscometry to monitor the changes ( Figure  6b ), it is not related to the attachment of the PRODAN moiety to the actin polypeptide. (Nishida, 1985) .
The interaction of PRODAN-F-actin with cytochalasins D and B, and phalloidin
The test of the effects of cytochalasin D and cytochalasin B on PRODAN-F-actin (Figure 8 ) revealed an interesting new aspect of the interaction of cytochalasin D with F-actin. Cytochalasin D caused an unexpected slow decrease in the integrated fluorescence intensity when it was added to PRODAN-F-actin (Figure 8 ). This is quite in contrast to the at least 10 times faster drop of the viscosity that is observed when unlabelled F-actin is treated with cytochalasin D (Figure 8b ; see also Howard and Lin, 1979; Brenner and Korn, 1979) . The ability of cytochalasin D to raise the critical actin concentration by capping the net polymerizing end of filaments has been well documented (Rickard and Sheterline, 1986; Godette and Frieden, 1986) . The results shown in Figure 8 (a) indicate that this process appears to be slow when it proceeds without interference by the fluorescence measurement, but may be greatly accelerated when multiple filament fragmentation occurs through the mechanical shear exerted by viscometry measurements. In addition, cytochalasin D may enhance the susceptibility of actin filaments to breakage by shear force, as does cytochalasin B (Bonder and Mooseker, 1986) . Cytochalasin B has no capping activity and does not raise the critical actin concentration (Fussmann and Dancker, 1986) . Consequently no decrease in the fluorescence is to be expected, and none has been observed ( Figure 8a ). The drop in viscosity (Figure 8b ; see also Spudich and Lin, 1972; Yahara et al., 1982) may reflect the decrease in the average filament length by a limited cleaving activity of cytochalasin B that has been reported by Urbanik and Ware (1989 filamentous structure (Dancker et al., 1975) (Table 1) . It seems unlikely, although it has not been excluded, that the modification of Cys-374 by PRODAN interferes with the binding of phallodin because neither NEM (Vandekerckhove et al., 1985; Miki, 1989) nor fluorescein (Miki and dos Remedios, 1988) attached to this amino acid residue impairs the interaction between phalloidin and these conjugates. The phalloidin-binding site has been located near amino acid residues 117-119. Although these residues are within the same sub-domain 1 as the C-terminus (Kabsch et al., 1990) , the binding of the drug has apparently no influence on the environment of the fluorophore at Cys-374.
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